The combination of farnesyltransferase inhibitors (FTIs) and taxanes has been shown to result in potent antiproliferative and antimitotic synergy. Recent phase I and II clinical trials have shown that this combination shows clinical activity in taxane-refractory or taxane-resistant cancer patients. To understand the mechanism behind these clinical observations, we used a cancer cell model of paclitaxel resistance and showed that the FTI/taxane combination retains potent antiproliferative, antimitotic, and proapoptotic activity against the paclitaxel-resistant cells, at doses where each drug alone has little or no activity. To probe the mechanistic basis of these observations, paclitaxel activity was monitored in living cells using the fluorescently conjugated paclitaxel, Flutax-2. We observed that all FTIs tested increase the amount of microtubule-bound Flutax-2 and the number of microtubules labeled with Flutax-2 in both paclitaxel-resistant and paclitaxel-sensitive cells. Importantly, we observed a consequential increase in microtubule stability and tubulin acetylation with the combination of the two drugs, even in paclitaxel-resistant cells, confirming that the enhanced taxane binding in the presence of FTI affects microtubule function. Furthermore, this mechanism is dependent on the function of the tubulin deacetylase, HDAC6, because in cells overexpressing a catalytically inactive HDAC6, FTIs are incapable of enhancing Flutax-2-microtubule binding. Similar results were obtained by using an FTI devoid of farnesyltransferase inhibitory activity, indicating that functional inhibition of farnesyltransferase is also required. Overall, these studies provide a new insight into the functional relationship between HDAC6, farnesyltransferase, and microtubules, and support clinical data showing that the FTI/taxane combination is effective in taxane-refractory patients. (Cancer Res 2006; 66(17): 8838-46) 
Introduction
The farnesyltransferase inhibitors (FTIs) are a novel class of targeted anticancer agents, originally designed to inhibit the function of Ras oncoproteins by preventing their farnesylationdependent localization to the plasma membrane (1) . However, mechanistic and clinical studies show that the anticancer activity of FTIs could not solely be attributed to Ras inhibition (2-4).
Nevertheless, FTIs have shown modest activity in the clinic as single agents, whereas their combination with standard chemotherapy drugs has been promising (1) . In particular, FTIs synergize with the microtubule-stabilizing drugs, paclitaxel and epothilones, in several in vitro and in vivo tumor models (5) (6) (7) (8) . However, the molecular mechanism underlying the FTI/taxane synergistic combination was largely unknown. Previous work from our laboratory has shed some insight into this mechanism, by showing that both in vitro and in cells, FTIs inhibit the tubulin deacetylase function of HDAC6, and in combination with taxanes they synergistically enhance tubulin acetylation (8) . Because tubulin acetylation is associated with stable microtubules and taxanes bind preferentially to stabilized microtubules (9), we hypothesized that the FTI/taxane synergy is due to enhanced microtubule stability.
Interestingly, early clinical trials have shown clinical benefit of the FTI/taxane combination in patients refractory/resistant to a taxane alone (10, 11) . This intriguing clinical result prompted us to test the FTI/taxane combination in a cell model of paclitaxel resistance, due to an acquired h-tubulin mutation at the binding site of the drug (12) . Our results reveal that the FTI/taxane combination retains potent antiproliferative, antimitotic, and proapoptotic activity against paclitaxel-resistant cells, even at doses where taxanes or FTIs alone had little or no activity. To probe the mechanism behind these observations and to test our working hypothesis that FTIs enhance taxane binding to acetylated microtubules, we used live-cell microscopy to monitor the binding of a fluorescently conjugated paclitaxel (Flutax-2) to the microtubule. Our results revealed that the addition of FTIs, at doses that inhibit protein farnesylation, increased the levels of microtubulebound Flutax-2 in the h-tubulin mutant, drug-resistant cells, compared with Flutax-2 alone (12, 13) . Furthermore, this result was dependent on functional inhibition of the farnesyltransferase protein. In addition, functional inhibition of the tubulin deacetylase HDAC6, is also required for enhanced Flutax-2 binding to cellular microtubules. These results provide mechanistic insight into the functional relationship of farnesyltransferase, HDAC6, and microtubules, and can potentially affect the design of future clinical trials with a FTI/taxane combination in taxane-resistant/refractory patients.
purchased from Sigma (St. Louis, MO), and vinblastine was from Calbiochem (San Diego, CA). Stock solutions were diluted to the desired final concentrations with growth medium just before use.
Cell proliferation and combination index analysis assays. The sulforhodamine B cytotoxicity assays was adapted from Skehan et al. (14) and was done as previously described (8) . The combination index (CI) method described in Chou and Talalay (15) was used to determine the interaction between FTIs and taxanes, and the data was analyzed using Calcusyn software (Biosoft, Cambridge, United Kingdom). Briefly, the interaction of the two drugs (i.e., synergy, antagonism, or additivity) was determined by calculating the CI as a function of the fraction affected (100 À percentage cell survival / 100). A CI value >1 is antagonism, 1 is additivity, and <1 is synergy. Each CI value represents the mean F SE of a least six independent experiments, whereby each data point was done in triplicate. To calculate P values determining if the CI value significantly differed from a CI of 1, one-sample t tests were done.
Immunofluorescence analysis. Immunofluorescence analysis of fixed cells followed by confocal microscopy was done as previously described (8) .
The following antibodies were used: a-tubulin antibody (Chemicon International, Temecula, CA) and Alexa 563-conjugated goat anti-mouse IgG (Molecular Probes, Eugene, OR). For DNA staining, we added Sytox Green (Molecular Probes) to the Gel Mount mounting medium (Biomeda Corp., Foster City, CA). The mitotic index was calculated by counting the number of mitotic cells after immunofluorescence staining for tubulin and DNA. For each drug treatment, f300 cells were counted per experiment, and each experiment was done at least in triplicate. Cells in all phases of mitosis (prometaphase, metaphase, anaphase, and telophase) were counted and expressed as percentage of total cells.
Cell-based tubulin polymerization assay. Quantitative drug-induced tubulin polymerization was done as previously described (12) . When vinblastine was used in this assay, the cells were lysed in a microtubulestabilizing buffer [0.1 mol/L PIPES, 1 mmol/L EGTA, 1 mmol/L MgSO 4, 30% glycerol, 5% DMSO, 5 mmol/L GTP, 0.125% NP40, and protease inhibitors (pH 6.9)], instead of the low-salt buffer [20 mmol/L Tris-HCl, 1 mmol/L MgCl 2 , 2 mmol/L EGTA, 0.125% NP40, and protease inhibitors (pH 6.8)] used with paclitaxel. The percent pellet (%P) is calculated as the amount of polymerized tubulin (P), over the total amount of polymerized and soluble tubulin (P + S) times 100, {P / (P + S) Â 100}, based on densitometry analysis. The blots were probed with an anti-a-tubulin antibody as described below.
Western blotting. Western blotting was done as previously described (8) . The antibodies used were anti-poly(ADP-ribose)polymerase (PARP) p85 (Cell Signaling, Beverly, MA), anti-a-tubulin (Sigma), anti-HDJ-2 (Neomarkers, Fremont, CA), antiacetylated tubulin (Sigma), and anti-actin (Sigma).
Live-cell Flutax-2 binding studies. Cells were plated on live-cell imaging chambers from World Precision Instrument (Sarasota, FL) overnight. Before use, Flutax-2 (16, 17) was diluted to the proper concentration in medium and centrifuged at 14,000 rpm in an Eppendorf 5415C centrifuge for 10 minutes. Cells were treated with Flutax-2 or Flutax-2 + FTI for 16 hours at the doses indicated. After treatment, the cells were washed thrice in PBS and new medium was added to the cells. Cells were imaged using a Perkin-Elmer Ultraview ERS spinning disc confocal microscope. This system was mounted on a Zeiss Axiovert 200 m inverted microscope equipped with a 37jC stage warmer, incubator, and CO 2 perfusion. A Â63 or Â100 Zeiss oil objective (numerical aperture, 1.4) was used for all images and a Z-stack was created using the attached piezo electric z-stepper motor. The 488 nm laser line of an argon ion laser (set at 60% power) was used to excite the Flutax-2, and emission was detected with a Hamamatsu Orca-ER camera with exposure time from 200 to 400 ms. For each comparison, the exposure time and laser intensity was kept identical for accurate intensity measurement. Pixel intensity was quantitated using Metamorph 6.1 (Universal Imaging, Downingtown, PA) by first thresholding the image for filamentous microtubules and then calculating the mean pixel intensity using the Region Statistics feature on the software.
Flutax-2 binding assays. Chemicals, tubulin, and stabilized microtubules were generated as previously described (18) . Deacetylation of stabilized microtubules was done by incubating cross-linked microtubules (200 AL of 6 Amol/L tubulin) in glycerol-containing assembly buffer (18) with the immunoprecipitates containing Flag-HDAC6-wild type (-wt) or Flag-HDAC6-mutant (-mut) on agarose beads (1 AL) prepared as described (19) , for 2 hours at 37jC. Reaction mixtures were then placed on ice for 15 minutes and briefly centrifuged at 14,000 rpm to separate the supernatant, containing the deacetylated stabilized microtubules, from the agarose beads. The supernatant was then subjected to Western blotting using antiacetylated a-tubulin. Binding affinity constants of Flutax-2, a fluorescent analogue of paclitaxel, is well-characterized (16, 17) . The binding affinity of Flutax-2 to stabilized deacetylated microtubules was measured by incubating 25 or 50 nmol/L of this ligand with increasing concentrations of microtubules ( from 6 nmol/L to 1.2 Amol/L) at 25jC. The binding isotherms were measured several times in different plates by the anisotropy of the fluorescence using a fluorescence polarization microplate reader at 25jC. Fluorescence anisotropy was converted to fractional saturation as described (18) and data points were best fitted to the 
Results
FTIs overcome drug resistance in taxane-resistant cancer cells. We have previously shown that the nonpeptidomimetic FTI, lonafarnib, synergizes with taxanes in a variety of human cancer cell lines by inhibiting the tubulin deacetylase activity of HDAC6 (8) . These results were obtained using taxane-sensitive cancer cell lines and only one class of FTI (lonafarnib). Recent clinical studies (10, 11) showing efficacy of FTIs in taxane-refractory patients prompted us to investigate the effect of the FTI/taxane combination against paclitaxel-resistant cell lines. Our laboratory has established a model of paclitaxel resistance composed of the 1A9 drug-sensitive human ovarian carcinoma cell line and its derivative paclitaxelresistant line, PTX10 (12) . Paclitaxel resistance in this model is due to an acquired h-tubulin mutation (Fh270V) at the drug binding site and results in f25-fold resistance to paclitaxel and 10-fold crossresistance to docetaxel. To investigate whether FTIs are active against these resistant cells, we determined the mean IC 50 of FTIs and taxanes alone and in combination, in both 1A9 and PTX10 cells (Fig. 1A) . These results showed that both FTIs tested (lonafarnib and the peptidomimetic FTI-277) retained activity against the drugresistant PTX10 cells, as no significant differences in the mean IC 50 values were obtained between the parental and resistant cell lines. Notably, the FTI/taxane combination resulted in a dramatic reversal of taxane resistance in PTX10 cells. Specifically, PTX10 cells, although exhibiting a 25-fold resistance to paclitaxel alone, were only 1.5-fold resistant to the lonafarnib/paclitaxel combination. Similar results were obtained with the FTI-277/paclitaxel combination, as well as the FTI combination with docetaxel (PTX10 cells are 10-fold cross-resistant docetaxel; Fig. 1A ). It is also worth noting that a similar pattern was observed with the FTI tipifarnib (Johnson & Johnson, New Brunswick, NJ; data not shown).
To quantitate the extent of the synergistic interaction between the FTIs and the taxanes in the paclitaxel-resistant PTX10 cells, we used the CI analysis method (15) . In this type of analysis, the fractional cell growth inhibition was plotted as a function of the CI, whereby a CI < 1 represents synergy, 1 is additivity, and >1 is antagonism. In the paclitaxel-sensitive 1A9 cells, all FTIs were synergistic with both paclitaxel and docetaxel ( Fig. 1B ; P < 0.05 for all), which is consistent with previous studies in other cell lines (5, 6, 8) . In the paclitaxel-resistant PTX10 cells, we observed intermediate synergy when both FTIs were combined with paclitaxel (CI = 0.6-1.0) and their combination with docetaxel resulted in strong synergy in PTX10 cells (CI = 0.4-0.8; Fig. 1B ). Thus, these results are consistent with the data presented in Fig. 1A and confirm that the FTI/taxane combination can overcome drug resistance in taxane-resistant cancer cells. We also assessed the efficacy of the FTI (lonafarnib)/taxane combination in another cell model of paclitaxel resistance, the P-glycoprotein overexpressing A2780/ AD10 cells, and their parental counterpart A2780 (20) . We found that the FTI/taxane combination was synergistic in the presence and in the absence of the P-glycoprotein modulator verapamil (data A CI >1 indicates antagonism, f1 is additivity, and <1 is synergy. Points, mean CI values, representative of at least six independent experiments; bars, SE. A P value determining significance compared with a CI of 1 is also shown. not shown). This result was expected as lonafarnib has been reported to be a P-glycoprotein inhibitor, similar to verapamil (21) .
The FTI/taxane combination causes enhanced apoptosis and mitotic arrest in paclitaxel-resistant cells. To further confirm the FTI/taxane cytotoxic synergy in the paclitaxel-resistant cell lines, the effects of this drug combination on apoptosis was assayed using the cleaved form of PARP (p85) as a marker of apoptosis ( Fig. 2A) . Both 1A9 and PTX10 cells were subjected to various FTI/taxane treatments for 30 hours to allow sufficient time for apoptosis to occur. In the paclitaxel-sensitive 1A9 cells, the combination of either FTI (1 Amol/L) with low-dose paclitaxel (both 2 and 5 nmol/L) caused a dose-dependent increase of PARP cleavage compared with either FTI or paclitaxel alone ( Fig. 2A) . In the paclitaxel-resistant PTX10 cells, PARP cleavage was not induced with paclitaxel (5-50 nmol/L), consistent with the presence of the h-tubulin mutation at the drug binding site. However, upon addition of an FTI (1 Amol/L) to paclitaxel, significant PARP cleavage occurred, indicating that PTX10 cells were undergoing apoptosis due to the FTI/paclitaxel combination. Thus, the FTI/ taxane combination causes enhanced apoptosis in both paclitaxelresistant and paclitaxel-sensitive cells at doses where paclitaxel alone had little or no effect.
Paclitaxel is a potent antimitotic; however, in PTX10 cells, even high doses of paclitaxel lead to little or no mitotic arrest (22) . To determine if the enhanced apoptosis induced by the FTI/paclitaxel combination in PTX10 cells was due to increased mitotic arrest, the mitotic index was determined in parental and drug-resistant cells using confocal microscopy ( Fig. 2B-C) . In 1A9 cells, the FTI/ paclitaxel combination resulted in a potent increase in mitotic arrest ( Fig. 2B ; P < 0.05), which is consistent with our previous findings in other cell lines (8) . In the drug-resistant PTX10 cells, high doses of paclitaxel (250 nmol/L) had minimal effect on mitotic arrest as expected; however, the FTI/paclitaxel combination retained its antimitotic activity, even at 2 nmol/L paclitaxel, indicating that the FTI/paclitaxel combination is an effective antimitotic combination in PTX10 paclitaxel-resistant cells (Fig. 2C) . Taken together, these data show that although PTX10 cells do not undergo mitotic arrest with paclitaxel alone, the FTI/paclitaxel combination restores the antimitotic activity of paclitaxel.
FTIs increase Flutax-2 labeling of the microtubule. Our data thus far have shown that FTIs can restore the antiproliferative, antimitotic, and proapoptotic activity of the FTI/taxane combination in paclitaxel-resistant cells. Because PTX10 cells harbor a h-tubulin mutation at the paclitaxel binding site, we wanted to monitor the localization of paclitaxel in both paclitaxel-resistant and paclitaxel-sensitive cell lines to understand the mechanism behind these observations. We used live-cell confocal microscopy to localize the fluorescently conjugated paclitaxel molecule (Flutax-2; refs. 16, 17) in the paclitaxel-resistant PTX10 cells. Flutax-2 is f100-fold less cytotoxic than unconjugated paclitaxel, due to the extra size added by the fluorophore; therefore, we used Flutax-2 concentrations equipotent to the low doses of paclitaxel used for each cell line in Fig. 2 . In 1A9 drug-sensitive cells, 16-hour treatment with 75 nmol/L Flutax-2 alone resulted in a filamentous microtubule pattern (Fig. 3A) , indicating that Flutax-2 was bound to microtubules. This low dose was chosen to prevent saturation of all taxoid-binding sites on the microtubule cytoskeleton with Flutax-2 alone, so that any enhancement due to lonafarnib activity would be more readily quantifiable. When we used a higher dose of Flutax-2 (1 Amol/L), we saw distinct microtubule bundling and disorganization of the microtubule cytoskeleton in 1A9 cells (data not shown). In contrast, little or no microtubule binding was observed in the drug-resistant PTX10 cells, even after treatment with a 10-fold higher concentration of Flutax-2 (750 nmol/L), reflecting the impaired ability of paclitaxel to bind microtubules in these h-tubulin mutant cells. Treatment of PTX10 cells with as high as 20 Amol/L Flutax-2 did not result in more extensive labeling of microtubules, but rather in diffuse Flutax-2 cytoplasmic accumulation (data not shown). When cells were coincubated with an FTI (lonafarnib or FTI-277) and Flutax-2, the intensity of Flutax-2 signal on the microtubule, as well as the number of Flutax-2-labeled microtubules, was significantly increased in both 1A9 and PTX10 cells (Fig. 3A and B) . Thus, the addition of the FTI/Flutax-2 combination led to increased levels of Flutax-2 on the microtubule compared with Flutax-2 treatment alone. To determine if this scenario holds true in other cancer cell lines, a similar experiment was done in the lung cancer cell line, A549 (Fig. 3A, bottom) . The combination of lonafarnib with Flutax-2 also resulted in a significant increase in Flutax-2 signal intensity and the number of Flutax-2-labeled microtubules in A549 cells, suggesting that the mechanism behind the FTI-induced enhancement of Flutax-2 on the microtubule may be conserved among different cancer cell lines.
Functional inhibition of farnesyltransferase is required for enhanced Flutax-2 labeling of microtubules. To investigate whether the FTI-induced enhancement of Flutax-2 binding on the microtubule is dependent on the inhibition of farnesyltransferase activity, we used the inactive lonafarnib enantiomer, SCH66337. This enantiomer is at least 100-fold less active than lonafarnib against farnesyltransferase in vitro and has practically no effect in cell systems (23) . We first confirmed the lack of antifarnesyltransferase activity of SCH66337 by monitoring the drug-induced inhibition of protein farnesylation (HDJ-2 in this case) over time (Fig. 3C) . As can be seen in Fig. 3C , lonafarnib (1 Amol/L) induced the nonfarnesylated, slower migrating HDJ-2 form as early as 3 hours posttreatment, whereas SCH66337 had no effect on HDJ-2 farnesylation even after 24 hours of treatment (Fig. 3C) . Next, SCH66337 was used to determine if farnesyltransferase inhibition is required for the enhancement of Flutax-2 binding to the microtubule in PTX10 cells. Cells were treated for 16 hours with either Flutax-2 alone or Flutax-2 with SCH66337, and were monitored by live-cell confocal microscopy (Fig. 3D) . In sharp contrast to our results with lonafarnib, SCH66337 did not result in increased Flutax-2 labeling of the microtubule, indicating that farnesyltransferase inhibition is required for the enhanced Flutax-2 microtubule labeling.
FTIs enhance tubulin acetylation and microtubule polymerization in paclitaxel-resistant cells. The results presented herein indicate that lonafarnib causes enhanced Flutax-2 interaction with microtubules in all cell lines tested, including paclitaxel-resistant cells. Paclitaxel binding to microtubules is known to increase microtubule polymerization and stabilization. Thus, FTI-induced Flutax-2 binding to microtubules should also affect these variables. To test this hypothesis, we used a cell-based microtubule polymerization assay to determine if FTI-induced paclitaxel binding leads to an enhancement of microtubule polymer mass. This quantitative tubulin polymerization assay (12) is based on the principle that polymerized microtubules remain detergent insoluble when extracted in a hypotonic buffer, and therefore are found in the pellet after centrifugation, whereas soluble nonpolymerized tubulin remains in the supernatant. In paclitaxel-sensitive 1A9 cells (Fig. 4A) , the combination of lonafarnib with low-dose paclitaxel (2 nmol/L) caused a large increase in the percentage of stable polymerized tubulin found in the pellet relative to either drug alone (compare 48% of lonafarnib/paclitaxel 2 nmol/L with 9% of paclitaxel 2 nmol/L alone). Importantly, a similar result was observed in the paclitaxel-resistant PTX10 cells (Fig. 4B) , whereby paclitaxel alone had no effect on tubulin polymerization, but the combination of lonafarnib with only 10 nmol/L paclitaxel led to 37% of tubulin found in the pellet; on the other hand, almost half of the total tubulin was polymerized when 100 nmol/L paclitaxel was combined with lonafarnib, in sharp contrast to the 20% tubulin polymerization achieved with paclitaxel 100 nmol/L alone. An even more pronounced effect of the paclitaxel/lonafarnib drug combination was observed on the relative distribution of acetylated tubulin (Fig. 4A and B) . Tubulin acetylation is a posttranslational modification (at lysine 40 of a-tubulin), occurring on the microtubule polymer, and serves as a hallmark of stable microtubules (24) . To further corroborate these results, Western blotting for total acetylated tubulin in cell lysates from 1A9 and PTX10 cells was done (Fig. 4C) . As a positive control for tubulin acetylation, cells were treated with tubacin, which increases tubulin acetylation levels by inhibiting the tubulin deacetylase HDAC6 (25, 26) . Our results show that the lonafarnib/paclitaxel combination resulted in a synergistic increase in tubulin acetylation in both 1A9 and PTX10 cells, compared with either drug alone.
Because paclitaxel treatment alone is known to stabilize microtubules, in the experiments where paclitaxel is used together with lonafarnib, it is difficult to dissect whether lonafarnib aloneinduced tubulin acetylation can confer microtubule stability. To test this hypothesis, we assessed the ability of the microtubuledestabilizing drug vinblastine to depolymerize microtubules in A549 cells pretreated with 5 Amol/L lonafarnib overnight (Fig. 4D) . As shown in the figure, a dose-dependent microtubule depolymerization was observed when cells were exposed to vinblastine alone for 6 hours. In contrast, lonafarnib treatment protected microtubules from vinblastine-induced depolymerization. For example, in cells pretreated with lonafarnib, 85% of total tubulin was still polymerized (% pellet) following treatment with 10 nmol/L vinblastine, in contrast to 23% of polymerized tubulin with 10 nmol/L of vinblastine alone. Even at the highest dose (250 nmol/L vinblastine), which by itself caused almost complete depolymerization (3% in the pellet), lonafarnib protected microtubules against destabilization as seen by the remaining 31% of stabilized tubulin in the pellet. Consistent with all of our previous data, lonafarnib treatment (at time 0, before the 6-hour vinblastine treatment) resulted in increased tubulin acetylation (data not shown).
Taken together, these data provide further evidence that combination of lonafarnib with paclitaxel synergistically increases microtubule stability in both paclitaxel-sensitive and paclitaxelresistant cell lines.
Functional HDAC6 is required for FTI-enhanced Flutax-2 binding to cellular microtubules. As we have previously shown that functional HDAC6 is required for lonafarnib/taxane synergy (8), we sought to determine if functional HDAC6 is required for the ability of lonafarnib to enhance the extent of Flutax-2 labeling of microtubules. To do this, we used NIH-3T3 cells stably expressing wild-type HDAC6 or a mutant catalytically inactive HDAC6 (19) . In the HDAC6-mut cell line, the tubulin deacetylase function of HDAC6 is compromised resulting in higher basal levels of acetylated tubulin compared with the HDAC6-wt cells (8, 19) . In this experiment, both HDAC6-wt and HDAC6-mut cell lines were treated with either Flutax-2 alone or the lonafarnib/Flutax-2 combination. When lonafarnib was combined with Flutax-2 in the HDAC6-wt cells, there was a significant increase in microtubulebound Flutax-2 (Fig. 5A ), as observed with other cell lines (Fig. 3) . However, in contrast to any other cell line tested, the addition of lonafarnib had no effect on microtubule-bound Flutax-2 ( Fig. 5A and B) in the HDAC6-mut cells; that is, a greater fluorescent intensity signal was not observed nor a greater number of Flutax-2-labeled microtubules were present. Because these cell lines only differ in the functional status of HDAC6, these results show that HDAC6 is required for the ability of lonafarnib to enhance the microtubule-stabilizing effects of fluorescent paclitaxel and support our previous data indicating that a functional HDAC6 is required for lonafarnib/paclitaxel synergy (8) .
Flutax-2 has a similar affinity for acetylated and deacetylated microtubules in vitro. To further examine the effect of HDAC6 function and tubulin acetylation on paclitaxel binding, we did a series of in vitro paclitaxel-binding experiments, using the fluorescent paclitaxel analogue Flutax-2 (17, 27, 28) . These experiments are designed to address the question of whether Flutax-2 has a greater affinity for acetylated microtubules relative to deacetylated microtubules in vitro. For this assay, we obtained stabilized/ acetylated microtubules by cross-linking purified microtubules with glutaraldehyde. Then, these microtubules were deacetylated in vitro by the addition of immunoprecipitated HDAC6-wt. Before the Flutax-2-binding assays, we confirmed the acetylation status of the purified microtubules by using Western blot analysis (Fig. 5C ). As shown in duplicate, incubation of the microtubules with HDAC6-wt cell immunoprecipitates (WT1 and WT2) reduced tubulin acetylation in vitro relative to control glutaraldehyde cross-linked microtubules (C1 and C2). Furthermore, incubation of microtubules with HDAC6-mut (a catalytically inactive HDAC6; ref. 19 ) cell immunoprecipitates (MUT1 and MUT2) had no effect on tubulin acetylation in vitro. Thus, this in vitro microtubule deacetylation system accurately reflects the known tubulin deacetylation properties of HDAC6. To determine if Flutax-2 has a greater affinity for acetylated microtubules compared with deacetylated microtubules, the K a of Flutax-2 was determined for each experimental condition (Fig. 5D ). The K a of Flutax-2 for microtubules deacetylated by HDAC6-wt was 94.4 F 3.6% of that obtained for control microtubules, whereas microtubules treated with HDAC6-mut were 109.9 F 4.1% of control microtubules (Fig. 5D) . Although there is a small difference in the binding affinity of Flutax-2 to deacetylated microtubules compared with acetylated microtubules, this in vitro data cannot fully explain the marked differences seen with Flutax-2 binding to cellular microtubules, suggesting that other cellular components may contribute to this mechanism.
Discussion
The FTI/taxane combination has shown potent antiproliferative synergy in cell lines and preclinical models (5-7). Results from a phase I (10) and phase II clinical trial (11) in solid tumors showed that a subset of patients previously refractory/resistant to taxane therapy still responded to lonafarnib/paclitaxel combination, suggesting that the combination of paclitaxel with an FTI may reverse clinical drug resistance. Our data supports this hypothesis and shows that in paclitaxel-resistant cells, the FTI/taxane combination retains potent antiproliferative, antimitotic, and proapoptotic activity ( Figs. 1 and 2 ). This effect seems to be due to enhanced binding of paclitaxel, visually evidenced through Flutax-2 ( fluorescently conjugated paclitaxel) binding to the microtubule, in both paclitaxel-sensitive and paclitaxel-resistant ovarian carcinoma cell lines in the presence of an FTI (Fig. 3) . This enhanced drug binding is associated with an increase in tubulin acetylation and microtubule polymer mass ( Fig. 4A and B) , both of which are hallmarks of paclitaxel efficacy. Furthermore, this effect is HDAC-6 dependent (Fig. 5) in accordance with our previous data showing that the combination of lonafarnib and paclitaxel inhibits HDAC6 activity in vitro, leading to increased tubulin acetylation (8) .
In addition, functional inhibition of farnesyltransferase seems to be required as the inactive lonafarnib enantiomer, incapable of binding and inhibiting farnesyltransferase in vitro, did not potentiate paclitaxel binding on the microtubule (Fig. 3D) . This result is intriguing as neither tubulin, nor any of the known microtubule-associated proteins, nor HDAC6 contain any /L; right ) . B, average pixel intensity of each cell line treated with Flutax-2 alone or Flutax-2 and lonafarnib. Columns, means; bars, SE. *, P < 0.05, statistically significant from treatments with Flutax-2 alone. C, Western blots of acetylated tubulin were done in duplicate on stabilized microtubules incubated with beads only (C1 and C2), FLAG-HDAC6-wt (WT1 and WT2) beads, and FLAG-HDAC6-mut (MUT1 and MUT2) beads. Total tubulin is shown as a control. The blots were also probed for FLAG to confirm the presence of the various FLAG-tagged WT-HDAC and HDAC6-mut proteins. D, binding affinity constants of Flutax-2 to stabilized microtubules in the presence of HDAC6-wt beads, HDAC6-mut beads, and beads alone. Data are the average values of six independent measurements with the respective SE.
consensus farnesyltransferase targeting motif (CAAX). Hence, what is the role of farnesyltransferase in the regulation of microtubule stability and acetylation through HDAC6 inhibition? Potentially, farnesyltransferase could regulate HDAC6 function in a farnesylation-independent manner, similar to the proposed interaction of farnesyltransferase and the ThR-I kinase domain of the transforming growth factor-h (29) . However, this is unlikely given our results with the inactive lonafarnib enantiomer, SCH66337, as well as our data showing that this mechanism is shared by all classes of FTIs. Therefore, a strong possibility is that an upstream farnesylation event could modulate HDAC6 activity (leading to enhanced microtubule acetylation) and increase microtubule stability. An alternative possibility is that our proposed mechanism is farnesylation independent but does require inhibition of a novel function of farnesyltransferase. This novel function could be inhibited by a change in the protein conformation following binding of an FTI (hence, the results with the nonfarnesyltransferase binding inactive lonafarnib enantiomer).
In our working model of FTI-induced taxane binding on the microtubule, the central component is enhanced microtubule stability, presumably through HDAC6 inhibition leading to enhanced tubulin acetylation. However, it is still controversial in the literature as to whether tubulin acetylation is just a posttranslational modification ''marking'' stable, long-lived, less-dynamic microtubules, or whether tubulin acetylation leads to enhanced microtubule stability (19, 24, 30, 31) . To investigate whether the enhanced tubulin acetylation we have been consistently observing following FTI treatment ( Fig. 4; ref. 8 ) confers microtubule stability, we examined the effects of lonafarnib on vinblastine-induced microtubule depolymerization. Our results clearly show that lonafarnib treatment protects microtubules against vinblastineinduced destabilization, suggesting that acetylated lonafarnibtreated microtubules are indeed more stable (Fig. 4D) . In a separate experiment, we have also observed that lonafarnib treatment protects microtubules against cold-induced destabilization, in a time-dependent manner (data not shown), further supporting our previous conclusion. Furthermore, according to our working model, the increased microtubule stability induced by lonafarnib should confer resistance to microtubule-depolymerizing drugs. To this end, we combined lonafarnib with vinblastine in a cytotoxicity assay similar to the experiments described in Fig. 1 and assessed the efficacy of the drug combination using the CI analysis. Our results revealed that the lonafarnib/vinblastine combination was antagonistic (CI = 2; data not shown). This result corroborates our working hypothesis and is consistent with published data showing that FTIs are synergistic with microtubule-stabilizing drugs but not with destabilizing ones (5) .
Importantly, our data show that FTIs can overcome taxane resistance in PTX10 cells by enhancing Flutax-2-microtubule labeling, indicating enhanced drug-tubulin interaction. This result raises the question of how this enhanced interaction can be compatible with the presence of the tubulin mutation (Fh270V) at the taxane-binding site in these cells. It is possible that because paclitaxel is known to have a greater affinity for the microtubule polymer (9, 32) , and FTIs induce microtubule polymer formation (ref. 8 ; by affecting tubulin acetylation/stabilization and microtubule network formation; ref. 33) , then the FTI-induced polymer formation would lead to a larger amount of microtubule taxoid binding sites, thereby enabling a larger number of paclitaxel molecules to bind microtubules even in the PTX10 paclitaxelresistant cells. This result is also consistent with our previous data in PTX10 cells showing that although the acquired h-tubulin mutation (Fh270V) is located at the taxane binding pocket, it significantly impairs but does not completely prevent paclitaxel binding to tubulin. Indeed, when the mutant tubulin was purified from the PTX10 cells for an in vitro tubulin polymerization assay, we observed that paclitaxel was still able to induce a certain amount of mutant tubulin polymerization (12) , albeit at a fraction of wild-type tubulin, suggesting that the affinity of paclitaxel for the mutant tubulin was not entirely abolished but rather significantly reduced. Furthermore, considering that paclitaxel binds microtubules in vitro with a 1:1 stoichiometry (9, 32), but in cells as little as one paclitaxel molecule bound per every 400 tubulin dimers is enough to exert cellular/cytotoxic effects, the observed enhanced labeling of Flutax-2 microtubules in the resistant cells may be sufficient for paclitaxel to exert its microtubule-stabilizing and antimitotic activity, even within the drug resistance milieu.
Our results strongly favor a model centered on the effects of FTIs on interphase microtubules, which requires both functional HDAC6 as well as functional inhibition of farnesyltransferase. However, the exact mechanism by which FTIs exert their effects on microtubules in cells still remains unclear. We have recently shown that the FTI lonafarnib does not promote or modulate tubulin assembly in vitro, using purified tubulin with and without microtubule-associated proteins (34) . This in vitro result is in sharp contrast to the observed effects of lonafarnib on cellular microtubules, suggesting that any microtubule-stabilizing activity of lonafarnib (i.e., tubulin acetylation, suppression of microtubule dynamics, and increase in polymer formation) would come from the interaction of lonafarnib and its target farnesyltransferase, with other factors in signaling pathways that may be regulating microtubule stability in addition to HDAC6.
Although the precise mechanism by which the FTI/taxane combination synergizes and overcomes drug resistance is not entirely clear, our results support clinical data showing that the FTI/taxane combination is effective in paclitaxel-resistant cells and can potentially affect the design of future clinical trials in taxaneresistant/refractory patients. The mechanism by which taxane resistance occurs in the clinic is still under debate (35, 36) ; however, overcoming taxane resistance by adding an FTI could prove useful in the treatment of several solid tumors. Still, another challenge would be to determine in which patients this treatment would prove beneficial; thus, future experiments will focus on determining which molecular markers (e.g., HDAC6 and acetylated tubulin) could predict response to drug treatment with the FTI/taxane combination. Overall, these results provide a putative mechanism of synergy between FTIs and taxanes in both paclitaxel-resistant and paclitaxel-sensitive cancer cells. Thus, FTIs in combination with taxanes may prove to be a beneficial chemotherapeutic strategy, especially in patients resistant/refractory to paclitaxel alone.
